Background-Tricuspid regurgitation in hypoplastic left heart syndrome has an impact on outcome, but its mechanisms remain unclear. Methods and Results-Real-time 3-dimensional echocardiography was performed in 35 patients with hypoplastic left heart syndrome (age, 1 month to 10 years; 10 after first-stage Norwood, 12 after superior cavopulmonary shunt, 13 after Fontan). From the 3-dimensional data set, we marked the annulus in systole and diastole. At mid systole, we marked the location of the papillary muscle tip and point of chordal attachment to the leaflet. We traced the surfaces of the tricuspid valve leaflets and measured the volume of leaflet prolapse, tethering, annular and septal leaflet areas, and papillary muscle position. Seventeen patients had moderate tricuspid regurgitation (prolapse, 7; tethered leaflets, 7) and 18 mild (prolapse, 0; tethered leaflets, 7). Multiple linear regression analysis revealed that moderate tricuspid regurgitation is associated with leaflet tethering and prolapse; that in hypoplastic left heart syndrome with tethered leaflets, the papillary muscle is displaced laterally and the tricuspid annulus is more planar; and that enlargement of the annulus at mid systole, small septal leaflet area, and age affect the degree of prolapse. Conclusion-In hypoplastic left heart syndrome, moderate tricuspid regurgitation may be associated with increasing age, geometrical changes of the annulus, leaflet prolapse, lateral papillary muscle displacement, and subsequent leaflet tethering, as well as a smaller septal leaflet. (Circulation. 2009;120:1091-1098.) 
I n hypoplastic left heart syndrome (HLHS), significant tricuspid regurgitation (TR) 1,2 occurs at a frequency of 8.5% to 16%. 3, 4 In general, TR may be due to dilatation of the right ventricle (RV), RV geometrical change, left ventricle (LV)-RV interaction, RV dysfunction, and intrinsic abnormalities of the leaflets and supporting apparatus. [1] [2] [3] [4] Several studies have attempted to address risk factors for the development of TR 2-5 but have provided little insight.
Clinical Perspective on p 1098
Tricuspid valve (TV) tethering resulting from geometrical change of the RV and abnormalities of annular function are important mechanisms of functional TR. 6 -9 Using real-time 3-dimensional echocardiography (RT3D), we previously demonstrated the importance of mitral-tricuspid annular interaction 10 and the role of tricuspid annular function and papillary muscle (PM) displacement as a cause of TR in HLHS. 11 Our hypothesis was that abnormalities of tricuspid annular function and PM location are directly related to the severity of TR in HLHS through disturbances of leaflet function.
Methods

Patient Characteristics
Between January 2006 and November 2007, we acquired consecutive 2-dimensional (2D) and RT3D images in patients with HLHS beyond their first-stage Norwood procedure. The patients were recruited as they came to the echocardiography laboratory for routine studies. We also collected data from normal subjects for comparison. Patients with qualitatively preserved RV function and normal sinus rhythm were included. Patients with atrioventricular septal defect or significant TR before their first-stage Norwood were excluded. The protocol was approved by the University of Alberta Ethics Committee.
Two-Dimensional Echocardiography
We performed 2D echocardiography using an IE33 with an S4, S8, or S12 transducer (Philips Medical Systems, Bothwell, Wash). The degree of TR was assessed by 2D vena contracta (VC) width 12 at the orifice and then divided into 2 groups. TR was characterized on a 0 to 4ϩ grading scale and defined as follows: 0ϭnone, 1ϭmild (narrow regurgitant jet, Ͻ2 mm, single jet), 2ϭmild to moderate (jet Ͻ4 mm, multiple jets, or both; mild atrial enlargement), 3ϭmoderate to severe (wide jet Ͼ4 mm that reaches the back wall of the atrium; moderate atrial enlargement), and 4ϭsevere (wide jet Ͼ4 mm that reaches the back wall of the atrium; reversal of flow in the hepatic veins; severe atrial enlargement). 2, 11 Studies with TR in the range of 0 to 2 were characterized as mild, whereas those with grade 3 to 4 were characterized as moderate. RV function was assessed by fractional area change in the apical 4-chamber view. The RV long-axis, maximal minor-axis (S1), and mid minor-axis (S2) dimensions were measured as previously described. 13 The ratio of RV minor-axis dimension to long-axis dimension was calculated for both S1 and S2 (sphericity index) as an index of RV asymmetry. 13 The relationship of the degree of TR to LV size was assessed by measuring the ratios of LV to RV length at end diastole and the mitral valve to TV annular size.
Volumetric Image Acquisition
Three-dimensional images were obtained with an RT3D system (IE33, Philips Medical Systems) equipped with a Matrix X3-1 or X7-2 probe. For all patients, full-volume images of the TV and supporting apparatus were obtained from the apex, including color Doppler data. Data were transferred to a personal computer for offline analysis.
Measurements of VC Area by 3D
Cropping of the RT3D color data set was performed in the 4-chamber view to measure VC area 14 with CardioView software (TomTec Inc, Munich, Germany). When Ͼ1 VC was present, the areas were summed.
Tricuspid Morphological Reconstruction
With TomTec, data were acquired by obtaining 15 slices around the line penetrating the center of the tricuspid annulus (every 20°) at end diastole and mid systole ( Figure 1 ). End diastole was the frame just before aortic valve opening, and end systole was the frame of valve closure. Mid systole was determined by counting the total systolic frames and choosing the midpoint between them. On each 2D plane from the 3D data set, we placed a marker on the annular hinge points ( Figure 1 ). Second, from the 3D data set, we obtained seven 2D planes that passed through the midpoint of the septum at the annular level ( Figure 2 ). This divided the TV and its apparatus into 7 segments. On these 2D planes at mid systole, we placed markers on the anterior and posterior leaflets at their points of coaptation with the septal leaflet to measure the septal leaflet area ( Figure 2 ). The angle between each 2D plane was 15°. On each 2D plane, we placed 7 markers on the tricuspid leaflets for subsequent graphical 3D reconstruction ( Figure 2 ). Next, we found the 2D plane from the 3D data set that passed the midpoint of the septum and included the tip of the anterior or posterior PM. We marked a point on the tip of the Three-dimensional tricuspid leaflet reconstruction. The annulus and the leaflets were marked with points on each plane (small green dots on 2D images; A, C, and D). The points of coaptation of the septal and combined anterior and posterior leaflets were noted (B; inner green semicircle). Next, 7 planes were obtained separated by 15°(B; large green dot). After this, 7 dots were placed on the leaflets in each plane (B and D; red squares). The planes that passed the anterior (A) and posterior PM were identified. We marked the point on the tip of the PM (A and B; yellow dot).
PMs and the point where the chordae attached to leaflets ( Figure 2 ). All points were converted into spatial coordinates (x, y, and z) and exported to customized MatLab-based software (MathWorks Inc, Natick, Mass) for reconstruction. This propriety software was used to develop 3D models of the TV and its apparatus for analysis.
Measurements of 3D Echocardiographic Data
Annular Area and Perimeter
Annular area was calculated as the sum of 30 small triangles composed of 2 adjacent annular points and a mathematically calculated gravity center of the annulus. The annular perimeter was calculated as the sum of the point-point distance traversing 30 points on annulus. The annular area and perimeter were indexed to body surface area (BSA). The percent of area change at mid systole was calculated as follows: area at end diastoleϪarea at mid systole/area at end diastoleϫ100.
Ratios of Anterior-Posterior to Left-Right Diameter and Septal Leaflet to TV Area
From an enface view, the program demonstrated the annular and coaptation line between the septal and anterior-posterior leaflets ( Figure 2B ). We manually measured the diameter of the TV annulus in the anterior-posterior, left-right direction. The ratio of septal leaflet to TV area was measured by navigating through the individual 2D slices in the 3D data set and placing markers on the leaflets, which accommodated their various undulations ( Figure 2D ). The previously identified closure line between the septal and anteriorposterior leaflets was used to separate the septal leaflet from the total area of the TV. The ratio of anterior-posterior to left-right diameter was calculated as the anterior-posterior diameter divided by the left-right diameter. The ratio of septal leaflet to TV area was calculated as septal leaflet area divided by tricuspid annular area.
Measurements of Prolapse and Tethering Volume
For quantitative analysis, the TV annular plane was determined on the basis of a saddle-like annular shape in each subject. 10 We measured the volume enclosed between the annular plane and the tricuspid leaflets. This tethered and/or prolapse volume was indexed to BSA ( Figure 3 ).
Measurements of Annular Position
The anatomic locations of the high (toward the right atrium) and low (toward the RV) annular points relative to the best-fit (nonnegative least-squares) plane were plotted as a function of annular position from the reconstruction of the annulus (Figure 4 ). Radial angle represents the position of the annulus; 0°is the mid point of the septum, and the degree increased with clockwise rotation when the TV was viewed from above. In all cases, 2 positive peaks were observed at the anterior and posterior positions of the tricuspid annulus, and 2 negative peaks were seen at the lateral and septal positions ( Figure 4 ). The height of all 4 points from the least-squares fit plane was measured. The degree of nonplanarity was measured by the distance between the high and low points calculated as follows: mean heightϭ(the height at anteriorϩheight at posteriorϪheight at septalϪheight at lateral)/2. These measurements were indexed to RV length.
Bending Angle of the Tricuspid Annulus
The TV annulus was divided into anterior and posterior sections, as defined by the bending points A and C ( Figure 4 ). A best-fit (nonnegative least-squares) plane was fit to the annular points in each of the 2 sections ( Figure 4 , bottom), from which the bending angle was determined as the angle between the normal lines for each plane. Figure 5 illustrates the method used to calculate the angle between the annulus and the PMs. The angle was determined from the best-fit plane of the tricuspid annulus.
PM Angle
Statistical Analysis
Continuous variables are presented as median (range) or meanϮSD as appropriate. Differences among groups of continuous valuables Figure 3 . Visualization of tricuspid leaflet geometry in HLHS reconstructed with customized software without tethering/prolapse (A), with tethering (B), and with prolapse leaflets (C). The blue area represents the region below the least-fit annular plane (close to the apex). The red area represents the region above the least-fit annular plane (toward the atrium). The dots on the images represent the actual valve data points obtained from the TomTec software that have been mathematically interpolated on MatLab to smooth the image. The black arrows shows the location of the septal leaflet. Note that the main area of prolapse (C) involves the midportion of the anteroposterior leaflets indicated by red. ANT indicates anterior; POST, posterior. 
Results
Participant Characteristics and 2D Echocardiographic Measurements
This study included 39 consecutive patients with HLHS, of whom 4 were excluded for a poor ultrasound window. The remaining 35 had a median age of 3.3 years (range, 1 month to 10.8 years); the 17 healthy volunteers had a median age of 5.4 years (range, 6 months to 10.8 years). Ten previously underwent only a Norwood/Sano procedure (RV-pulmonary artery conduit), 12 had a bidirectional cavopulmonary shunt, and 13 had a Fontan. For both patients and control subjects, the median frame rate of the RT3D data sets was 42 Hz (range, 22 to 69 Hz).
RV Sphericity Index
There was some difference in RV sphericity index between patients and control subjects but not between patient groups (Table 1 ).
Rationale for Subcategories
There was a normal TV mean tethering volume of 0.47Ϯ0.22 mL/m 2 in control subjects. Therefore, abnormal TV tethering was defined as a tethering volume of Ն0.69 mL/m 2 . In control subjects, the ratio of TV prolapse volume to BSA was only 0.01Ϯ0.02 mL/m 2 . If a cutoff for prolapse volume of 0.03 mL/m 2 was used to define significant prolapse, then except for the 12 patients with tethering, almost all the patients had some degree of prolapse compared with control subjects. To identify those patients in whom significant prolapse might be of importance as a mechanism of TR, we used the mean prolapse volume of all those who had no tethering as the cutoff to define significant prolapse (Ͼ0.46 mL/m 2 ).
With these criteria, 16 patients, 13 with mild TR and 3 with moderate TR, were classified as group N. The 7 patients 
Three-Dimensional Echocardiographic Measurements
Tricuspid Annular Area At both end diastole and mid systole, tricuspid annular area was larger in all HLHS groups compared with control subjects (PϽ0.001; Table 2 ). In addition, tricuspid annular area was larger in group P compared with group N at mid systole (PϽ0.01).
Tricuspid Bending Angle
The tricuspid bending angle was larger in group T compared with group P at end diastole (PϽ0.05). However, there was no significant difference at mid systole.
Ratio of Septal Leaflet Area to TV Annular Area
This ratio was larger in control subjects compared with groups N and P (PϽ0.001). It also was larger in group T compared with groups P and N (PϽ0.001).
Ratio of Combined Prolapse Plus Tethered Volume to BSA
This ratio was larger in groups T and P compared with group C (PϽ0.001), but there was no difference between group C and N nor between group P and T.
PM Angles
The annular plane and anterior PM maintained an angle of 93.8Ϯ16°in control subjects, 102.2Ϯ8°in group N, and 100.1Ϯ7.6°in group P. However, this angle was 83.9Ϯ14.7°i n group T, indicating that the anterior PM is tethered more laterally (PϽ0.01, group T versus N). Group T also showed the narrowest angle between the annular plane and the posterior PM compared with groups C and N (PϽ0.05).
Vertical Geometry of the Tricuspid Annulus
The height of the 4 peak points and the mean height at both end diastole and mid systole are given in Table 3 . Group P showed a greater height compared with group T in anterior maximal height/RV, lateral minimal height/RV at mid systole, and all points for mean height at mid systole. 
Relationship Between 2D and 3D VC Width and Area
There was a strong linear correlation between 2D VC width and the square of the width and 3D VC area (rϭ0.86 and 0.75, respectively; PϽ0.0001; Figure 6 ). Group P showed a significantly larger 3D VC area compared with group N.
Factors Influencing Tethering and Prolapse
Factors that separately influenced the ratio of tethering and prolapse volume to BSA were assessed by multiple regression analysis to determine whether the mechanisms might be different from the ratio of combined prolapse and tethered volume to BSA. The following variables were independent predictors of tethered volume (indexed to BSA): lower anterior PM angle (PϽ0.0001) and lower mean height of 4 points at mid systole (Pϭ0.008). Independent predictors of prolapse volume (indexed to BSA) were age (Pϭ0.001), 3D VC area (Pϭ0.024), ratio of TV area at mid systole to BSA (Pϭ0.017), and ratio of septal leaflet area to TV area (Pϭ0.006).
Factors Influencing TR VC Area
Independent determinants of TR severity were sphericity index at end diastole, prolapse volume indexed to BSA, and combined tethered and prolapse volume ( Table 4 ).
Relationship Between LV Size and Degree of TR
There was no relationship between LV size and degree of TR in those patients with significant prolapse or tethering as measured by either LV length or mitral valve annular size.
Similarly, there was no correlation between TR VC area as measured by RT3D and LV or mitral valve size.
Discussion
The major findings in this study are that moderate TR is associated with tethering and prolapse of the TV leaflets in patients with HLHS undergoing surgical palliation. Those with a tethered TV have lateral displacement of their anterior PM, whereas a smaller TV septal leaflet area, annular enlargement, and increasing age are associated with prolapse.
Three-Dimensional Analysis Method
At a median of 42 Hz, the frame rates were almost double those from our previous reports. 10, 11 This enhances temporal resolution during analysis of the RT3D data sets, particularly in children with higher heart rates. The validity of the software used to analyze the RT3D data sets had previously been tested by our group in a phantom model. 10
RV Geometry and Function
The normal tricuspid annulus has 2 high and low points 6, 8, 11 and, when viewed from a 3-dimensional perspective, has some intrinsic tethering and prolapse. The RV is poorly suited to contract against high afterload 15 and, when faced with a high afterload, assumes a more cylindrical shape, with leftward septal shift resulting in annular dilatation and leaflet tethering. [15] [16] [17] Similar findings were noted in patients with HLHS in whom the annulus changed from a normal elliptical 10 to a more circular shape. 11 It is unlikely that the observed changes in this study are related only to alterations in global function and shape change. It also appears that LV size in HLHS did not appear to affect the degree of TR or to be related to significant tethering or prolapse.
PM and Leaflet Abnormalities
This study revealed that significant TR is associated with either leaflet tethering or prolapse. Tethering is associated with lateral displacement of the supporting PM, confirming our prior observations. 11 Valve tethering is associated with a more planar annulus as noted by the bending angle, which, in conjunction with PM displacement, increases the pull on the tension apparatus. These findings are similar to observations in adults with functional TV or mitral valve regurgitation. 18 -20 TR secondary to prolapse was associated with greater annular height compared with tethering, suggesting a relationship between supporting apparatus and annular height. In patients with prolapse, PM location was similar to control subjects and HLHS patients with minimal regurgitation, suggesting that either chordal elongation or secondary leaflet abnormalities were the cause. To add to the complexity, the prolapse group also had a smaller septal leaflet. The observation of variability in tricuspid septal leaflet morphology is not new 21 ; in this study, however, it appears to be associated with a greater degree of prolapse. This mechanism is understandable because in the normal heart the septal leaflet provides an extensive surface for leaflet coaptation. 22 Of interest, even those in group N appear to have more intrinsic prolapse than control subjects, although it did not reach statistical significance. Whether this is acquired or a component of the TV at birth in HLHS is unclear.
Assessment of the Severity of TR
Although our data demonstrated a good correlation between 2D VC area and width with RT3D VC area, this existed only in those patients in whom prolapse was the predominant mechanism. The size of the 2D VC and its relationship to prolapse and or tethering did not stand up to multivariate analysis, but the 3D VC did. This finding is understandable because the trileaflet nature of the TV creates a complex VC geometry that is better assessed in 3 than 2 dimensions. 12, 14 Older age appeared to be associated with a greater degree of prolapse and annular dilatation. Tethering, however, was seen more frequently in younger patients and might suggest a different underlying mechanism of valve failure.
Potential Underlying Mechanisms of TV Failure
An increase in mass and afterload in the univentricular heart potentially affects the ischemic threshold with resultant myocardial dysfunction. 23, 24 These patients are born with a ventricle that has been submitted to a fetal volume overload of Ϸ230% of normal, which is augmented shortly thereafter in many patients by a shunt procedure to Ϸ280%. 25 This chronic volume overload has a deleterious effect on the ventricle until the subsequent bidirectional cavopulmonary shunt and Fontan operation. 26 In a manner similar to post-atrial switch patients, the coronary arterial supply of HLHS hearts may be inadequate to meet the needs of an increased myocardial mass. 27 The observation that post-Fontan patients have reduced coronary flow reserve also points to a potential coronary supplydemand mismatch in such patients. 28 
Clinical Significance of RT3D Findings
The current technique for tricuspid valve repair in HLHS is bicuspidization of the leaflets. Although used extensively, it does not address TR in the vicinity of the anteroseptal commissure, nor does it specifically address leaflet prolapse or tethering. The use of the RT3D technique provides unique information about prolapse and tethering of the TV leaflets, their relationship to supporting PMs, and the sites of TR. This type of information may permit a more tailored approach to TV repair in the future.
Limitations
Measurements were performed at end diastole and mid systole and thus do not reflect the remainder of the cardiac cycle. We could measure only the size of the septal leaflet because it is difficult to identify the anterior-posterior leaflet commissure while navigating through the "2D" images in the RT3D data set. This study does not address the time frame of the development of TR in patients with HLHS. We used 2D images to assess RV function because at the time of the study this was the acceptable standard by echocardiography. 29 Once well validated and demonstrated to be reproducible, RT3D will most likely become the acceptable standard for RV volumetric assessment. We did not assess the interobserver and intraobserver variabilities of measurement in this study. Multiple statistical comparisons were made with a relatively small sample size, so values of PϾ0.001 should be interpreted with caution.
Conclusions
This study confirms our previous observations that tricuspid annular dynamics and PM displacement are important associations with significant TR in HLHS. Moreover, it appears that leaflet tethering is associated with PM displacement and significant regurgitation. On the other hand, the combination of significant prolapse without PM displacement and a smaller septal leaflet size appears to be one of the other mechanisms of TV failure.
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